Tricritical behavior in MnSi at nearly hydrostatic pressure 
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Abstract 

AC magnetic susceptibility of a single crystal of MnSi was measured along the ferromagnetic 
phase-transition line up to a pressure of 0.8 GPa created by compressed helium. The results show 
that the tricritical point is situated at much lower pressure and at significantly higher temperature 

t— » . 

(P tr = 0.355 GPa, Tt r — 25.2 K) than was reported previously (~ 1.2 GPa, ~ 12 K). These new 
observations put certain constraints on the origin of the tricritical point in MnSi. 
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Q ; PACS numbers: 62.50.+p, 64.60.Kw, 75.30.Kz 

Recently, there has been a considerable in- transition line in MnSi including the ex- 
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terest in studying the magnetic phase tran- istence of a deep minimum in the density of 
sition in the intermetallic compound MnSi state at the Fermi level Q], coupling of the 
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111 ], which reveals order parameter and soft particle- hole exci- 
weak ferromagnetic properties slightly below tations Q], magnetic rotons Q], etc. On 
30 K with spins having been ordered into a the other hand, nonhydrostatic components 



12, 



13j] . As of pressure also could change or influence the 
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■ long wavelength helical structure 

3 ! shown for the first time in Q, the Curie tern- nature of the phase transition. In an previous 

perature T c in MnSi decreases on compres- experimental studies, various kinds of liquids, 

sion and is completely suppressed at pres- which freeze to strong solids on cooling, were 

sure more than 1.5 GPa. One of the impor- used as pressure media. Consequently, it is 

tant findings of earlier studies was the dis- appropriate to carry out a study of the mag- 

covery that the magnetic transition in MnSi netic phase transition in MnSi at high pres- 

becomes first order at pressures greater than sures making use of a hydrostatic pressure- 

1.2 GPa, with a tricritical point at ~ 1.2 transmitting medium. 

GPa, ~ 12 K ^, 0, Q|. A number of ideas In the present communication, we report 

were suggested to explain this feature of the results of our studies of the AC magnetic 
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susceptibility of a single crystal of MnSi at 
high pressure using fluid and solid helium 
as a pressure medium. Solid helium, be- 
ing a quantum crystal, exhibits the highest 
plastic properties and is the best medium to 
transmit pressure at low temperatures. Sin- 
gle crystals of MnSi were grown from a tin 
flux by dissolving pre-alloyed Mn and Si in 
excess Sn. The resulting crystals were char- 
acterized by powder x-ray diffraction, elec- 
trical resistivity, and magnetic susceptibility. 
The temperature of the magnetic phase tran- 
sition was 29.1 ±0.02 K. The resistivity ratio 
R300 1 R{t=a.2) varied in the range 80 -100 for 
different crystals. Descriptions of the high 
pressure gas installation and the cryostat are 
given in [18]. Briefly, the experimental cell 
Fig|T]is connected to the high pressure gen- 
erator by means of a stainless steel high pres- 
sure tubing of 1.6 mm in outer diameter. De- 
tails of the experimental cell, made of beryl- 
lium copper, are seen in the Fig.l. Fifteen 
copper wires were planted inside the cell us- 
ing 2850FT Stycast epoxy as a seal and an in- 
sulator. Special measures were taken to make 
this seal gas tight at high pressure and low 
temperature 

To measure AC susceptibility a three-coil 
set up (drive coil and a balanced pair of pick 
up coils) was mounted inside the high pres- 
sure cell. The measurements were carried out 
with a standard modulation technique at a 




FIG. 1: Schematic drawing of high pressure cell: 
1) cell body, 2) plugs, 3) holding nuts, 4) high- 
pressure tubing, 5) coil setup, 6) temperature 
sensor, 7) electrical leads. 

modulation frequency 19 Hz. 

Temperature was measured by a cali- 
brated Cernox sensor imbedded in the cell 
body as shown in the FigC] (typical accu- 
racy of the Cernox sensor in the temperature 
range under study is about 0.02 K). A cali- 
brated manganin gauge, situated in a sepa- 
rate temperature stabilized cell, was used to 
measure pressure with accuracy about 0.001 
GPa while helium was still in the fluid phase. 
Upon crystallization of helium, pressure was 
calculated on the basis of the measured 
helium-crystallization temperatures and ex- 
tensive data on EOS of helium j^j]. Normally 
the measurements were taken in the regime of 



slow cooling of about -0.2 K/min. On cooling 
a slight drop of pressure signaled helium crys- 
tallization. A comparison of the measured 
melting temperatures of helium with data 
taken from literature shows that our data do 
not deviate much from the precise data ob- 
tained in different laboratories FigJ21 This 
confirms that there was no significant tem- 
perature gradient in our pressure cell. Note 
that the deviations, being random at low 
pressures, acquire a more systematic charac- 
ter when pressure increased, which probably 
indicates pressure calibration problems. As 
a whole, overall accuracy of the melting tem- 
perature of helium, determined in our experi- 
ments, can be estimated as 0.2 K, which puts 
a lower limit of about 0.005 GPa for the error 
in pressure estimations in solid helium. 

Behavior of the AC magnetic susceptibil- 
ity (xac) °f MnSi in a wide temperature 
range and at ambient pressure is shown in 
FigED Selected curves in FigEJ demonstrate 
the influence of pressure on the position and 
form of the xac singularity at the magnetic 
transition in MnSi. 

Temperatures corresponding to the max- 
imum of xac were taken as the phase- 
transition temperatures. Consequently, ac- 
curacy of this procedure depended on sharp- 
ness of the corresponding maxima, the exper- 
imental resolution and the noise, and varied 
from 0.02 K to 0.5 K with the average ac- 
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FIG. 2: Experimentally determined melting 
curve of helium. Solid line - generalized melt- 
ing curves of helium, taking into account many 
: ine measurements (exhausting references see in 

3). 

curacy of about 0.1 K. This number leads to 
an average pressure uncertainty of the phase- 
transition line of ~ 0.009 GPa, which prob- 
ably absorbs the errors connected with the 
pressure estimations in solid helium. The 
phase-transition line of MnSi in the P — T 
plane is depicted in the FigEJ As seen from 
Fig El our results agree well with the data 
obtained previously This compari- 

son shows that effects of nonhydrostatic en- 
vironments do not influence much the posi- 
tion of the phase-transition line, at least in 
the pressure range probed in the current re- 
search, but as we will see next, nonhydro- 
staticity does influence the form of the xac 
curve near the phase transition and, conse- 
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FIG. 3: Temperature dependence of AC mag- FIG. 5: Pressure dependence of the Curie tem- 
netic susceptibility (xac) of MnSi at ambient perature in MnSi determined in the current ex- 
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periment. 
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FIG. 4: Influence of pressure on the xac singu- 
larity at the phase transition in MnSi. 

quently, influences the conclusions that were 
made thereafter. As argued earlier 
the temperature dependence of xac near the 
phase-transition boundary reflects the order 
of the transition. According to a A- 

type singularity of Xaci typical of the sec- 



ond order phase transitions, continuously de- 
forms on increasing pressure to become fi- 
nally (at P = 1.2 GPa) a simple step ex- 
pected for first order transitions. Under the 
hydrostatic conditions used in the present ex- 
periments, a A-type singularity of xac at the 
phase transition in MnSi remains essentially 
independent on pressure to 0.355 GPa, even 
though some of the data points are well in- 
side the solid helium field FiglHl Just beyond 
0.355 GPa, however, the peak in xac starts 
to decrease drastically. This evolution in 
the pressure-dependent shape xac(T) is just 
what one would anticipate from the physics 
of tricritical phenomena. Our current con- 
clusion, then, is that the tricritical point on 
the phase-transition line is situated at much 
lower pressure and significantly higher tern- 



perature (P tr S 0.355 GPa, T tr = 25.2 K) 
than was reported in previous work P, [J 
(~ 1.2 GPa, ~ 12 K). The reason for the ob- 
served difference is most probably connected 
with random strains caused by nonhydro- 
static compression. In that case, the ran- 
dom strains would play the role of impurities, 
smearing out singularities in physical quanti- 
ties at the second order phase transition. Fi- 
nally, the current observation probably does 
not support theories of the trictitical phe- 
nomena in MnSi that exploit the specifics of 
electron spectra of MnSi or metals in general 
if that theory is relevant just at zero temper- 
ature. The volume change associated with 
a first order phase transition clearly impli- 
cates lattice involvement in the mechanism 
of the tricritical behavior in MnSi, and the 
spin-lattice interaction should be taken into 
consideration in future theories. Studies of 
phonon spectra, thermal expansion and the 
compressibility of MnSi at high pressure, cre- 
ated by compressed helium, seem to be indis- 
pensable for a complete explanation of the 
P — T phase diagram of MnSi. 

In conclusion, the authors express their 
gratitude to Dr. Joe Thompson for reading 
the manuscript and valuable suggestions. 
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FIG. 6: Evolution of the form of the singularity 
of xac a t the phase transition in MnSi. (Tem- 
perature scale on the right ordinate is related 
to the melting curve of He.) The form of the 
singularity is characterized by the quantity A%, 
illustrated in the insert. 
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